A population of 50 independent transgenic lettuces transformed with a nitrate reductase coding sequence under the control of the 35S promoter was studied. None of them showed significantly lower nitrate levels when compared with the untransformed plants, despite the presence of nitrate reductase (NR) activity that derives from the transgene in at least four of the transformants. No repercussion on total NR activity (endogenous1transgenic) was detected in these plants. Nevertheless, 28% of the transformants showed phenotypes characteristic of a general silencing of the NR genes as already described in tobacco and potato, i.e. bleaching of the leaves leading to the death of the plant. By northern blots, it was shown that the transgene was silenced in these chlorotic plants and also in the plants that did not show symptoms of chlorosis. Thus a silencing process specifically directed against the NR mRNA derived from the transgene occurred very early in the development of all the plants studied, whatever homologous endogenous NR mRNA is present in the plant. In some cases this transgene-specific silencing was shown subsequently to extend to the homologous endogenous NR mRNA. These results suggest that, in lettuce, the level of nitrate reductase mRNA is under tight expression control and this is able specifically to target transgenic transcripts by a post-transcriptional gene silencing (PTGS) mechanism during the first stage of development of the plantlet.
Introduction
Nitrate (NO ÿ 3 ) is the major source of nitrogen for higher plants. The first enzymatic step of the nitrate assimilation pathway is catalysed by nitrate reductase (NR). The reduction of nitrate into nitrite by NR is often considered to be one of the major rate-limiting reactions of this pathway. NR is highly regulated, not only at the transcriptional level but also at the post-transcriptional level and is influenced by several endogenous and environmental factors. These regulations affect both the amount and the activity of the NR protein in the cytosol (for reviews see Campbell, 1999; Kaiser and Huber, 2001) .
Lettuce (Lactuca sativa L.) is an economically important leafy vegetable. Under winter conditions, mainly because of poor light, lettuce accumulates high levels of nitrate in leaves compared with other vegetables. In these growth conditions, the maximal nitrate contents in leaves authorized by the EC are often exceeded. As a consequence, nitrate content remains an essential criterion for marketing this crop in Europe.
In the past 15 years, Nicotiana plumbaginifolia and N. tabacum transgenic plants constitutively over-expressing a gene coding for a tobacco NR (tobacco Nia2 cDNA driven by the 35S promoter from the CaMV) have been obtained Dorlhac de Borne, 1993) . These plants showed elevated NR activity (NRA) and reduced leaf nitrate content compared with wild types (WT) (Quilleré et al., 1994) . Recently, the same strategy was applied to Solanum tuberosum (Djennane et al., 2002a (Djennane et al., , b, 2004 and L. sativa (Curtis et al., 1999) . Some transgenic potatoes with highly reduced nitrate levels in tubers were obtained. By contrast, at maturity, none of the transgenic lettuces showed differences in their NO ÿ 3 content compared with WT. Lettuces with leaf nitrate contents slightly lower than WT were observed only at the mid-culture stage. The authors of this study (Curtis et al., 1999) proposed that this difference between mid-culture stage and mature lettuces might be due to reduced activity of the 35S promoter in older lettuce plants. Another study has shown that, in lettuce, the 35S promoter was less stable than the PetE promoter (McCabe et al., 1999b) . However, genes other than Nia2, driven by the p35S have already been used in lettuce and did not show any failure of expression: examples include genes coding for a b-1,3-glucanase (Dede, 1998) , a b-glucuronidase (McCabe et al., 1999a) , or a soybean ferritin (Goto et al., 2000) . For this reason, alternative explanations concerning the results obtained by Curtis et al. (1999) with the 35S::Nia2 construct should be considered.
In order to determine the reasons for the inability of the 35S::Nia2 transgene to reduce nitrate contents in lettuce, a new population of transgenic lettuce containing a 35S::Nia2 construct was produced. The systematic and efficient silencing of the tobacco NR transgene in lettuce is described here. It is shown that a mechanism of gene silencing was responsible for the lack of expression of the transgene and its lack of effects on nitrate contents in lettuce leaves. In some of the transgenic genotypes obtained, this mechanism was identified as a post-transcriptional gene silencing (PTGS) mechanism.
Materials and methods

Plant material and growth conditions
Lactuca sativa cultivar Jessy (Syngenta previously Caillard; Domaine du Moulin, 84260 Sarrians, France), a butterhead type of lettuce usually grown in glasshouses, was used for transformation.
Cultures were started by soaking lettuce seeds on filter paper with water, leaving them in the dark for 48 h at 4 8C. Before cultivation in a tunnel, germinated seeds were first grown on compost in 7 cm pots (Compost H1 from Tref, Tref Substrates Coevorden B.V., Marconiweg 6, 7741 KM Coevorden, Nederland) in a glasshouse for 3 weeks.
Before culture in a hydroponic system, germinated seeds were placed on vermiculite impregnated with distilled water for 10 d in a growth chamber of 1.60 m 2 with fluorescent light (28 tubes of 36 W) (16 h daylight at 16 8C, 8 h darkness at 12 8C). Hydroponic cultures were set up in a growth chamber under different culture conditions: three nitrate concentrations of the nutrient solution (0.5, 5, and 12 mM), two light intensities (80 and 140 lmol m ÿ2 s ÿ1 ), and a long (16 h) or a short photoperiod (8 h). Aeration and stirring of the nutrient solution was performed using a compressed air pump and a magnetic stirrer, respectively.
Plasmid and bacterial strain
The binary vector pSCKDH51 is a derivative of pSCK (Biocem, Groupe Limagrain, Av. de Bois l'Abbé, 49070 Beaucouze, France), where all the restriction sites from the polylinker were deleted, except the EcoRI site in which the plant expression cassette p35S::t35S (obtained as an EcoRI fragment from plasmid pDH51 (Pietrzak et al., 1986) was introduced. The vector pSCK-NR ( Fig. 1) was constructed by cloning a SalI-SacI fragment containing the complete Nia2 cDNA of pBCSL16 in the SmaI site of pSCKDH51, between the promoter and terminator sequences of the CaMV. The resulting binary vector, pSCK-NR, was introduced by electroporation into the disarmed Agrobacterium tumefaciens strain C58C1 (pGV2260) (Deblaere et al., 1985) .
Production of transgenic plants
Leaves excised from 10-d-old seedlings (cultured aseptically) were co-cultured with A. tumefaciens strain C58 pGV2260 carrying pSCK-NR as described in Dinant et al. (1997) . Transformed buds were selected on 200 mg l ÿ1 kanamycin-containing regeneration medium and transplanted individually onto rooting medium [macro MS, micro Heller, vitamins B, sucrose 30 g l ÿ1 , agar Biomar 6 g l ÿ1 (Quarrechim, 9 rue Paul Langevin BP 361 34504 Beziers Cedex, France), pH 5.8] with 50 mg l ÿ1 kanamycin. Vigorous plants were transplanted to pots containing peat in a growth chamber (22/16 8C, 16 h photoperiod), with manual irrigation with water, before transfer to a glasshouse where they were watered each day with Coïc-Lesaint nutritive solution. Primary transformants (R 0 generation) were selfpollinated and their kanamycin-resistant R 1 progenies were again self-pollinated to obtain R 2 seeds. Homozygous R 1 plants and their R 2 progenies were identified by analysing the segregation of resistant versus susceptible R 2 seedlings on a kanamycin-containing rooting medium (Chupeau et al., 1989) . Fig. 1 . Structure of pSCK-NR T-DNA. The chimeric Nia2 gene was composed of the CaMV 35S promoter (p35S) derived from the expression cassette of pDH51 (Pietrzak et al., 1986) ; the leader sequence (L), the coding sequence (Nia2 cDNA) and the 39 end (39) of the Nia2 gene from Nicotiana tabacum . The chimeric nptII gene driven by the nos promoter was used for the selection of the transformed plants. LB, T-DNA left border; RB, T-DNA right border. The counter-selection system described by Nussaume et al. (1991) was exploited to select the Nia2 cDNA-expressing genotypes. In order to improve the accuracy of the test, 8 mM of glutamine was added to the chlorate-containing nitrate-free medium. When cultured in this medium, seedlings expressing the transgene 35S::Nia2 failed to survive on the selective medium due to constitutive NR expression, whereas non-transformed seedlings were unaffected because of the transcriptional negative regulation of the endogenous Nia gene by glutamine. Sterile seeds were sown in Petri dishes on A medium (KH 2 PO 4 0.45 mM, MgSO 4 0.45 mM, K 2 SO 4 1.18 mM, CaCl 2 1.5 mM, CaSO 4 0.2 mM, glutamine 8 mM, KClO 3 0.5 mM, MES 3.5 mM, EDDHA-Fe 0.01 g l ÿ1 , Heller's micro salts 13, and agar Biomar 6 g l ÿ1 , pH 5.8). After 48 h exposure in darkness at 4 8C, Petri dishes were transferred in a growth chamber (20 8C, 16 h photoperiod).
Genomic DNA analysis Genomic DNA was extracted from leaf tissues using a modified CTAB method (Bernatzky and Tanksley, 1986) . Twelve micrograms of DNA were digested with the appropriate restriction enzyme as recommended by the manufacturer (Life Technologies, Invitrogen Sarl, BP 96, 95613 Cergy-Pontoise cedex, France). After separation on a 0.8% (w/v) agarose gel and denaturation and neutralization using a standard procedure (Sambrook et al., 1989) , the DNA was transferred onto a Hybond N + membrane (Amersham Biosciences, Europe GmbH, Parc Technologique, rue René Razel, Saclay, F-91898 Orsay cedex, France). The probes, an 805 bp HindIII fragment from pABDI (Paszkowski and Whitham, 2001 ) containing the nptII gene, or a 23 500 bp HindIII/EcoRI fragment from the pUCEn4 plasmid (Leprince, 1996) containing the p35S sequence, were labelled by random priming. Hybridizations with 32 P-labelled probes were performed in the hybridization buffer (750 mM NaCl, 125 mM sodium citrate, 0.6% SDS, 50 mM Na 2 HPO 4 /NaH 2 PO 4 pH 7.5, 53 Denhart, 2.5 mM EDTA, 5% dextran sulphate, 2.5 mg DNA salmon sperm) for 16-24 h at 65 8C. The filters were then washed once in 23 SSC and 0.1% SDS for 20 min at 65 8C followed by one wash in 13 SSC and 0.05% SDS for 20 min at 65 8C, and a final wash in 0.53 SSC and 0.05% SDS for 10-20 min at 65 8C. Filters were exposed and analysed by autoradiography.
RNA analysis
Total RNA from lettuce was prepared with the TRI REAGENTÔ according to the protocol described by the manufacturer (Euromedex, 24 rue des Tuileries, BP 74 684 Souffelweyersheim, 67 458 Mundolsheim cedex, France).
Thirty micrograms of total RNA were separated on a 1% (w/v) agarose gel containing 8% (v/v) formaldehyde. The RNA were capillary-blotted to Hybond N + membrane (Amersham Biosciences, Europe GmbH, Parc Technologique, rue René Razel, Saclay, F-91898 Orsay cedex, France) in 103 SSC.
Hybridizations with 32 P-labelled probes (in 7% SDS; 300 mM Na 2 HPO 4 /NaH 2 PO 4 pH 7.2; EDTA 1 mM pH 8.0 buffer) were performed for 16-24 h at 65 8C. The filters were then washed four times in 23 SSC and 0.1% SDS for 5 min at room temperature followed by one wash in 0.23 SSC and 0.1% SDS for 5-10 min at 65 8C.
The probes (a Nia2 cDNA 119 pb fragment and a Ls.Nia1 120 pb fragment) were labelled by polymerase chain reaction. Primers 1 (59-GGATTCTGCTGCATCATCACCAAATA-39) and 2 (59-TTCACGAGGGACTAAGGCTACGTTTCTTG-39) were used for amplification of the ls.Nia1 probe and primers 3 (59-TGACTC-TCCTGGCAACTCCGTGCACGGAT-39) and 4 (59-CTCTCTTGG-AATTAGGGCCACACTCCTCT-39) for the Nia2 probe. Forty-five cycles of amplifications were performed for both probes [94 8C (1 min), 55 8C (1 min), and 72 8C (30 s)].
Determination of nitrate reductase activity Nitrate reductase activity was measured in the presence of MgCl 2 or of EDTA using the same protocol for both activities, except that 10 mM MgCl 2 was added to the buffers instead of 15 mM EDTA. One gram of leaf material was ground in a mortar with liquid nitrogen and 8 ml of extraction buffer (50 mM HEPES-KOH, 10 mM MgCl 2 (or 15 mM EDTA), 7.5 mM cysteine, 10 lM FAD, 5 lM leupeptin, 0.2 g PVP per 8 ml buffer, pH 7.6). The extract was centrifuged for 15 min at 5500 g at 2 8C and the soluble fraction assayed for NR activity. The reaction mixture contained 800 ll of activity buffer (50 mM HEPES-KOH, 10 mM MgCl 2 , 10 mM KNO 3 , 180 lM NADH, pH 7.6) and 100 ll of the extract. The reaction was carried out for 25 min at 30 8C and was terminated by the addition of 100 ll of 1 M sodium acetate. After 10 min of centrifugation (15 000 g), the quantity of NO ÿ 2 formed during the enzymatic reaction was determined at 540 nm after mixing 100 ll of reaction mixture in the presence of 0.5 ml sulphanilamide (10 g l ÿ1 HCl 3N) and 0.5 ml
Determination of nitrate and protein content in leaves
Nitrate and protein concentrations were determined using the same leaf extracts as for NR activity. Nitrate content was determined by colorimetry using an Aquatec 5400 Analyser (Foss France, 35 rue des peupliers, 92000 Nanterre, France), and soluble protein by the method of Bradford (1976) .
Inoculation of plants and detection of green fluorescence
The recombinant virus LMV 0 -GFP (German-Retana et al., 2001) was used in this study. This recombinant isolate was constructed by inserting the GFP reporter gene (coding for a modified Aequorea victoria green fluorescent protein) between the P1 and HC-Pro genes of a full-length infectious cDNA copy of the viral genome. An artificial cleavage site specific to the NIa viral proteinase was introduced between the GFP and the helper component (HC-Pro) sequences. This virus thus expressed the GFP reporter as a free protein. The recombinant virus was propagated under containment glasshouse conditions on lettuce plants of cv. Trocadero. Mechanical inoculation of lettuce plants was performed as described by Dinant et al. (1997) for pot-grown plants or as described by Mazier et al. (2004) for in vitro-grown plants. GFP fluorescence was detected visually in whole plants with a 100 W, hand-held, long-wave UV spot-light (Model B-100, UV Products, Upland, CA).
Statistical analyses
The data were subjected to the Student-Newman-Keuls multiple range test (GLM procedure of SAS package).
Results
Production and characterization of the transgenic plants
Fifty independent transgenic plants of Lactuca sativa cv. Jessy (primary transformants: R 0 ) were obtained from transformation experiments performed on leaf explants with A. tumefaciens strain C58 pGV2260 containing the binary vector pSCK-NR (Fig. 1) . After transfer to a greenhouse for self-pollination, 14 of these R 0 transformants developed leaf chlorosis. This phenotype appeared at different developmental stages depending on the transgenic line considered (Fig. 2) . Three of the chlorotic transgenic lettuce genotypes died before seed production. One-hundred R 1 seeds from each of the 36 remaining R 0 transformants were sown on rooting medium containing 75 mg l ÿ1 kanamycin to analyse the segregation of resistance for this antibiotic (Table 1) . Twenty-six genotypes showed a ratio 3:1 of kanamycin-resistant to susceptible plants consistent with the presence of only one functional nptII locus. Twelve R 1 resistant plants of each of the 26 transformants were grown in the greenhouse for self-pollination and selection for homozygous plants. Five other transgenic genotypes (JSNR 8, 18, 23, 28, and 54) were sensitive to kanamycin. The five remaining transformants (JSNR 15, 36, 38, 48, and 59) showed in their progeny a ratio of kanamycin-resistant to kanamycin-sensitive plants different from that expected for 1 or 2 independent transgene insertions, respectively 3:1 and 15:1.
The 26 selected R 2 homozygous genotypes were further submitted to a chlorate sensitivity test (Nussaume et al., 1991) to detect transgenic lines showing NR activity (NRA) due to expression of the transgene. Only 4 (JSNR 5-5, 21-8, 45-12, and 58-7) of the 25 R 2 genotypes studied were significantly more susceptible to chlorate than WT ( Table 2) .
Analysis of T-DNA integration was performed by Southern blot on DNA extracted from the R 0 transformants. Probing of DNA with the nptII and the p35S cDNA probes revealed that the right border was partially missing in 15 transformants. Eight genotypes (JSNR 5, 9, 21, 26, 32, 45, 46 , and 58) presented a unique insertion of the transgene p35S::Nia2 and JSNR 35 a double T-DNA insertion arranged as an inverted repeat (IR). A multiple and complex T-DNA insertion was detected for JSNR 14. Table 3 summarizes the results obtained by Southern blot analysis.
Physiological analysis of the transformants
The 11 homozygous transgenic lettuce presenting a single transgene locus were cultivated in the glasshouse in order to study their nitrate content compared with WT. Each genotype was present in three plots (each plot comprised three plants of the WT and three plants of the corresponding transgenic genotype) randomly distributed in the greenhouse. Plants were irrigated with a nutritive solution containing 12 mM of nitrate. Plants were collected at maturity 3 months after sowing. The fresh weight, dry weight, and nitrate content of these plants were then analysed (Fig. 3) . Differences in phenotype (leaf colour, leaf texture) and in heading earliness were observed during culture. In these culture conditions, no significant differences in the measured parameters were found between the transformants and the WT (data not shown).
Chlorate susceptible genotypes (JSNR 5-5, 21-8, 45-12, and 58-7) were also cultivated hydroponically with different nitrate concentrations (0.5, 5, and 12 mM) and different light intensities (80 and 140 lmol m ÿ2 s ÿ1 ). Plants were harvested 45 d after sowing and nitrate concentrations and total NR activity in leaves were analysed. Again no significant differences were detected between the WT and the transgenic genotypes (data not shown). a Number of bands which hybridized to an internal 0.8 kb fragment from the nptII coding sequence (nptII probe).
b Number of bands which hybridized to an internal 0.5 kb fragment from the sequence of the 35S promoter from CaMV (p35S probe). Fig. 3 . Nitrate content of transgenic JSNR R 2 genotypes. Plants were cultured in the greenhouse and harvested at maturity (90 d after sowing). Each genotype was present on three parcels (each one composed of three plants of the WT and three plants of the corresponding transgenic genotype) randomly distributed in the greenhouse. Fresh weight was measured at maturity (a). Dry weight was determined after drying the sample for 3 d at 70 8C (b). Nitrate content was determined by colorimetry using a Aquatec 5400 Analyser (Tecator) (c). Each plot represents the average of the three plants of a parcel. Results were statistically analysed and no significant differences were obtained between WT and transgenic genotypes for the three characters analysed.
During culture, some plants of genotype JSNR 21-8 showed a chlorotic phenotype at mid-stage development. This phenotype was not observed on JSNR 5-5, 45-12, and 58-7.
Nia2 mRNA presence in the transformants
In order to understand why plants, that in the chlorate test showed NR activity derived from the transgene, did not present any changes in their nitrate contents, the presence of the Nia mRNA was checked by northern blots in different environmental conditions and at various developmental stages.
Firstly the genotypes JSNR 5-5, 45-12, and 58-7 were studied 45 d after sowing in hydroponic culture with 5 mM of nitrate. In this experiment, the genotype JSNR 21-8 was not retained because of its tendency to develop chlorosis at this stage of development. The mRNA of the transgene was not detected by northern blot in these three genotypes (Fig. 4) . However, LsNia mRNA was present in all of them (Fig. 4) .
By contrast, the tobacco Nia2 mRNA was detected in cotyledons of plantlets cultivated in the chlorate test conditions with glutamine as the nitrogen source in the genotypes JSNR 5-5, 21-8, and 58-7 (Fig. 5) . In leaves of the same plants, the transgene tobacco Nia2 mRNA was not detected by northern blot analysis (Fig. 6) . In plantlets cultivated with nitrate as the nitrogen source instead of glutamine, the tobacco Nia2 mRNA was not detected either in the cotyledons or in the leaves. (Fig. 7) without producing any serious symptoms. ) and analysed by northern blot with a probe which covers an internal 120 pb of the Lactuca sativa Nia gene (LsNia) coding sequence or a probe which covers an internal 119 pb of the Nicotiana tabacum Nia2 gene (NtNia2) coding sequence. WT: wild-type lettuce; N. tabacum: Nicotiana tabacum XHFD8. Chlorotic R 1 JSNR 60 plants infected by LMV-0-GFP turned green again (Fig. 8a) around 20 d post-inoculation, whereas control non-infected plants still produced chlorotic leaves. In the non-inoculated chlorotic plants of JSNR 60, northern blot analysis showed a very low level of LsNia and tobacco Nia2 mRNA compared with WT (Fig. 8b) . By contrast, in the inoculated JSNR 60 plants leaves, northern blot analysis revealed the accumulation of LsNia and tobacco Nia2 mRNA (Fig. 8b) .
Discussion
Earlier studies have shown that the introduction of the p35S::Nia2 transgene into the genome of tobacco and potato led to a marked decrease in nitrate content in leaves and tubers, respectively Dorlhac de Borne, 1993; Djennane et al., 2002a) . The same effect was not obtained in two lettuce cultivars (Curtis et al., 1999) even though, at an early developmental stage (22-d-old plants), some of these transgenic lettuces showed a decrease in their leaf nitrate content. In the work presented here, six other lettuce cultivars were used (but only the results obtained with Jessy are presented) to verify if the results obtained by Curtis et al. (1999) were cultivardependent. Although 50 independent transgenic lines were studied, there was no success in reducing the leaf nitrate content in mature transgenic lettuce (corresponding to the size of the lettuce at harvest for market), using the p35S::Nia2 construction. In contrast to Curtis et al. (1999) , a significant decrease in leaf nitrate content in younger plants (mid-stage culture) was not observed.
It has been shown that these results were due to a decrease in NR mRNA derived from the transgene expression occurring early in plant development (first two leaves), to levels undetectable by northern blots upon ageing of the plants.
In transgenic lines showing symptoms of chlorosis, in addition to the transgene mRNA decay, a certain decrease in the quantity of the lettuce LsNia1 mRNA was also observed. Similar symptoms of chlorosis have been described in previous studies in tobacco (Dorlhac de Borne et al., 1994; Palauqui and Vaucheret, 1995; Palauqui et al., 1996) , Arabidopsis (C Meyer, unpublished results), and potato (Djennane et al., 2002a) transformed with the same p35S::Nia2 transgene. In tobacco, it was demonstrated that this chlorosis was the result of PTGS directed specifically against the mRNA of the transgene and the mRNA of the endogenous NR gene (Dorlhac de Borne et al., 1994) .
To confirm that a similar mechanism was occurring in the transgenic lettuce showing symptoms of chlorosis, an attempt was made to use the properties of PTGS suppressor shown by the HC-Pro component of some potyviruses (Marathe et al., 2000; Li and Ding, 2001; Mallory et al., 2001; Mette et al., 2001) . Lettuce mosaic virus (LMV) is the most widespread virus in cultivated lettuce in the world (Dinant and Lot, 1992) . Recently, infectious cDNA copies of some LMV isolates have been obtained, tagged with a green fluorescent protein (GFP) gene (German-Retana et al., 2001) . Twenty days after the infection of chlorotic plants by LMV 0 -GFP, new green leaves developed on the infected plants whereas the non-infected control plants continued to develop yellowish leaves. Northern blot analysis of these plants showed the mRNA of the transgene and the endogenous NR gene only in the infected plants. These results demonstrate, firstly, that, like other potyviruses, the LMV 0 is able to suppress the PTGS already installed in a plant and, secondly, that, as suspected, the symptoms of chlorosis observed in some of the lettuce lines are indeed due to a mechanism of PTGS directed specifically against the NR transgene and endogenous mRNAs. As demonstrated in this study, silencing properties of LMV can provide a useful tool to identify the occurrence of PTGS in lettuce, greatly improved by the visual non-destructive detection of the virus allowed by the GFP tag.
Of the four genotypes sensitive to chlorate , only JSNR 21-8 showed symptoms of chlorosis during development. Compared with the other transformants that developed chlorosis, JSNR 21-8 was well characterized and mRNA decay specific to the transgene was observed initially and later in plant development (mid-culture stage) a silencing extending to the endogenous NR gene (symptoms of chlorosis). These results suggest that the PTGS mechanism observed in JSNR plants is firstly directed specifically against the Nia2 mRNA and subsequently extends to the endogenous NR mRNA. It is hypothesized that the delay in the appearance of chlorosis observed between the different transformants could be explained by differences in the level of expression of the transgene in these lines. This hypothesis suggests that the stronger the expression of the transgene, the sooner the PTGS would be extended to the endogenous NR mRNAs. The strong transgene expression observed in JSNR 60 after silencing of the PTGS by LMV 0 -GFP confirmed this hypothesis as JSNR 60 developed chlorosis in the T 1 generation early in development.
For the three other transgenic genotypes sensitive to chlorate , mechanisms other than PTGS could be involved in the absence of accumulation of the transgenic mRNA as chlorosis symptoms were not observed in these plants. In the case of JSNR 5-5, Southern blot analysis has already shown that this genotype presents a double T-DNA insertion arranged as an inverted repeat (IR). Transgenes of T-DNAs that are organized as IRs often show low or no expression indicating that the genes are totally silenced or silenced to some degree by transcriptional gene silencing (TGS: Stam et al., 1997 Stam et al., , 1998 .
The Southern hybridizations revealed that 14 out of the 25 transgenic genotypes tested did not show a complete integration of the right border of the T-DNA. It is generally accepted that the right border is well preserved during the integration of a T-DNA. This could be explained by covalent binding of the VirD2 protein to the T-DNA right border during integration (Gelvin, 2000) which could protect it from exonuclease activities. This suggests that, as shown by the chlorotic phenotypes, strong expression of the transgene NR could be detrimental to the cells expressing it and hence counter-selected in vitro. This would favour plants showing an aberrant integration of the T-DNA and/or a low expression of the NR transgene.
It is well known that the PTGS mechanism is initiated earlier in R 2 plants than in R 1 plants of a given genotype Pang et al., 1996) . The study by Curtis et al. (1999) was conducted on R 1 plants, which could explain the differences observed in nitrate content between the results of these authors and the results presented here since R 2 plants were used in this study (homozygous for the transgene). A decrease in p35S promoter activity upon ageing of the lettuce plants was proposed by Curtis et al. (1999) to explain the differences they obtained between 22-d-old and 84-d-old plants. More recently, the p35S promoter has been used in a number of studies in lettuce, none of which mentioned any problems in transgene expression or stability (Dede, 1998; Kapusta et al., 1999 Kapusta et al., , 2001 Mohapatra et al., 1999; McCabe et al., 1999a; Goto et al., 2000; Niki et al., 2001) .
Taken together, these results suggest that the problems found with expressing a tobacco NR transgene in lettuce may be due to the NR sequence itself. Nitrate reduction could also be strongly regulated in lettuce due to the important role of nitrate as an osmoticum regulator in winter for this plant (Behr and Wiebe, 1992; BlomZandstra and Lampe, 1985; Blom-Zandstra et al., 1988) . As in lettuce, insertion of the p35S::Nia2 transgene in Arabidopsis did not allow reduction in nitrate levels (C Meyer, unpublished results). All Arabidopsis transgenic plants developed a PTGS mechanism directed specifically against the transgene mRNA and the endogenous NR mRNA. Transgene efficiency was only obtained in a Solanaceae context: in tobacco (Dorlhac de Borne, 1993; Vincentz and Caboche, 1991) and potato (Djennane et al., 2002a) . Thus, the transgene origin could be a determining factor in PTGS initiation. Use of a Ls.Nia transgene in lettuce could allow verification of this hypothesis.
This study strongly suggests that it would be very difficult to obtain lettuce with low leaf nitrate levels using the transgene p35S::Nia2, and also suggests that a PTGS mechanism directed against the transgene mRNA and initiated early in plant development is one of the explanations for the absence of accumulation of NR mRNA in lettuce.
